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1. Introduction 
The ultimate goal of the sustainable wastewater management is the protection of the 
environment in a manner commensurate with public health and socio-economic concerns 
[1]. Industrial effluents containing toxic and refractory organic pollutants cause severe 
environmental problems and their removal or degradation is required. Industries like 
petrochemical, chemical, pulp and paper, dyeing and pharmaceutical generate a variety of  
toxic organic compounds, and among them, phenol derivates have received an increased 
attention in the last years [2-4]. From phenol derivates, the most toxic compounds are the 
chlorinated and nitro-substituted phenols, which are used as pesticides and bactericides [3]. 
In most countries, the maximum allowable concentration of phenol derivates in the effluent 
streams is required to be less than 1 ppm [5], because these derivates cause several serious 
health problems: e.g., liver and kidney damage and blood pressure drop, cardiac toxicity 
including weak pulse, cardiac depression and reduced blood pressure [6]. Hence, phenol 
derivates  must be treated to satisfy the stringent water quality regulations and the demand 
for recycling of water in the process [2]. The objective of Integrated Pollution Prevention and 
Control (IPPC) Directive [7] regarding the industrial effluent reuse as raw water into 
production process represents a challenge for the wastewater treatment technologies. 
Usually, for the treatment of the industrial effluents containing refractory organics, the 
conventional wastewater treatment for organics removal or destruction are ineffective to 
reach the water quality appropriate for its reusing, and new alternative methods are 
required. 
During the last years, the electrochemical processes have been developed as alternative 
options for the remediation of wastewaters containing organic pollutants, due to the main 
advantages of the electrochemical methods, e.g., environmental compatibility, versatility, 
high energy efficiency, amenability of automation and safety, and cost effectiveness. The 
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electrochemical technology currently offers promising approaches for the prevention of 
pollution problems from industrial effluents, acting in principal as „end-of-pipe” technology 
[8-11].  
Electrochemical processes should be regarded as viable alternatives for enhanced 
conventional wastewater treatment technology. Based on the wastewater type, composition 
and their further usage, the various electrochemical processes could be applied individually 
or/and integrated into a variety of technological flows involving physical, chemical and 
biological methods. Thus, the electrocoagulation process could replace the conventional 
coagulation method integrated into a technological flow containing or not the 
electrooxidation process as advanced water treatment method. Also, the electrooxidation 
process could be applied as advanced oxidation process suitable especial for 
degradation/mineralization of the recalcitrant organic pollutants. However, there are many 
important aspects for the optimization of an electrochemical process, starting with the 
electrochemical process type, continuing with the electrode materials and not the least, the 
operating variables, like the current density and pH.  
2. Electrochemical process for organics separation 
Electrocogulation represents an important technique for investigation and application of the 
electrochemical treatment of wastewaters containing organics as alternative for the 
coagulation process [8,12,13]. In general, during the electroflotocoagulation process the 
coagulant is generated in-situ by “sarcrificial anodes”, the most usual being aluminium or 
iron electrodes. The electrolytic dissolution of aluminium anode lead to the generation of 
Al3+ and Al(OH)2+ at low pH, which are converted into Al(OH)3 at appropriate pH values 
and finally polymerized to Aln(OH)3n, which acts the same as in the coagulation process. 
Also, Fe(OH)n, n=2,3 is produced by electrolytic dissolution of iron anodes are dissolved by 
electrolysis, which can remove the pollutants from wastewaters. The metal hydroxides act 
as coagulant species, which destabilise and aggregate the suspended particles and 
precipitates and adsorb dissolved and suspended pollutants (e.g., suspended solids, 
dissolved organic matter). The metal anode dissolution is accompanied by hydrogen gas 
evolution at cathodes, the bubbles capturing and floating the suspended solids formed and 
thus removing pollutants [14,15]. The presence of organic and suspended matter activates or 
inhibits these main electrode processes partially by adsorption on electrode and 
involvement in surface film formation. Also, the presence of Cl-, SO42- anions influences the 
aluminium dissolution, with further involvement in the electrocoagulation process [12]. 
Good process efficiencies have been reported for electrocoagulation applying on 
wastewaters [12,14,16,17], and also, greater efficiency for the removal of chemical oxygen 
demand (COD) parameter and suspended solids in comparison with conventional 
coagulation process [15]. The main advantages of electrocoagulation versus coagulation are 
simple equipment and easy operation, no chemical added and a smaller amount of 
precipitate and sludge [8].  
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3. Electrochemical oxidation of organics 
Electrochemical oxidation represents a very promising way for the treatment of wastewaters 
containing organic pollutants. Taking into consideration the conventional wastewater 
treatment flow, the electrooxidation methods exhibit great potential either for replacement 
of conventional process with electrooxidation one or its integration within the technological 
flow [18]. Two approaches have been proposed by Comninellis [19] of the electrooxidation 
process in wastewater treatment: 
- so-called electrochemical conversion method, in which the bio-recalcitrant organics are 
transformed into biodegradable compounds; 
- the electrochemical combustion or incineration method, considered as advanced 
electrooxidation process that allows a complete degradation or mineralization of 
organic pollutants. 
The electrochemical conversion process should be integrated prior to the biological stage of 
the conventional wastewater treatment to enhance the biodegradability degree and as 
consequence, the biological treatment performance.  
The advanced electrooxidation process is based on the electrochemical generation of 
hydroxil radicals (OH), which is a very high powerful oxidant able to mineralize the 
organic pollutants from water [20]. 
Two different oxidation mechanisms for the electrochemical oxidation of pollutants have 
been proposed: direct anodic oxidation, where the pollutants are destroyed at the anode 
surface, and indirect oxidation where the oxidation process occurred via a mediator that is 
electrochemically generated. In general, during the electrooxidation of wastewaters, both 
oxidation mechanisms may coexist with different proportions in direct relation with the 
electrode material and operation conditions [21].  
The key of the electrochemical process performance is given by the electrode material, 
which should to exhibit several properties, e.g., high physical and chemical stability, 
resistance to corrosion and formation of passivation layers, high electrical conductivity, 
catalytic activity and selectivity, low cost/life ratio. Also, a very important aspect for the 
electrode material assessment is the potential value at which the side reaction of oxygen 
evolution occurs. High O2 overvoltage electrodes with large potential window are suitable 
for an effective electrooxidation of organics from wastewater. Carbon-based electrodes 
represent an attractive electrode material for electrooxidation with respect to the above-
discussed features. A large variety of carbon electrodes suitable for the degradation of 
organics from aqueous solution have been reported, e.g., glassy carbon [22-24], carbon 
pastes [25], and boron-doped diamond electrode [26-29]. 
The performance of new carbon based electrode materials for organics electrooxidation are 
presented and discussed in this chapter, pointing out: their preparation, the electrochemical 
characterization of new carbon based composite electrode materials comparative with the 
new commercial boron doped diamond electrode (BDD) and the conventional glassy carbon 
(GC) electrode, the assessment of electrochemical activities of each material for the target 
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pollutants, i.e., 4-chlorophenol, 4-nitrophenol, 4-aminophenol, 2,4-dichlorophenol and 
pentachlorophenol by the chronoamperometry and multiple-pulsed amperometry technique 
application. Also, the results of 4-aminophenol degradation by photocatalytically-assisted 
electrochemical process using BDD electrodes are presented in this chapter. In addition, the 
dual role of the electrode material and electrochemical method for both organics 
degradation and detection is briefly presented. 
4. Experimental procedures 
4.1. Preparation of carbon composite materials 
Carbon-based composite electrodes presented in this chapter, i.e., expanded graphite-epoxy 
(EG-Epoxy), carbon-nanofiber expanded graphite-epoxy (CNF-EG-Epoxy), expanded 
graphite–silver-zeolite-epoxy (AgZEG) and expanded graphite-polystyrene (EG-PS) 
composite electrodes were obtained by film casting and respective, hot press methods. 
4.1.1. Epoxy matrix 
The composite electrodes, i.e., expanded graphite-epoxy (EG-Epoxy), carbon-nanofiber 
expanded graphite-epoxy (CNF-EG-Epoxy), expanded graphite–silver-zeolite-epoxy 
(AgZEG), made using epoxy matrix were obtained from two-component epoxy resin 
(LY5052, Araldite / 5020 Aradur) mixed with conductive expanded graphite (EG) fillers 
powder and silver modified zeolite (clinoptilolite) [30-32]. The ratio was chosen to reach 20 
weight percent (w/w) for each component, i.e., expanded graphite (EG), carbon nanofibers 
(CNF) (PS-447 BOX), silver- zeolite ion-exchanged function of the electrode composition.  
The mixing was performed in a two roll-mill at room temperature. For the EG-Epoxy and 
CNF-EG-Epoxy electrodes, the epoxy was cured in a hot press at 80 º C for 40 minutes. 
Simultaneously, the material was shaped in a plate of 1 mm thickness. The plate was slowly 
cooled down (for about 12 h) to the room temperature without removing the applied 
pressure. The electrodes were made cutting plates of 9 mm2 and put on a glass supports and 
electrical contacts were made using a silver paint. For AgZEG electrode, the resulting pastes 
from the two roll-mill procedure were embedded in polyethylene and electrical contacts 
were made using copper wire, and discs with a surface area of 19.63 mm2 were obtained. 
Prior to use, the working electrode was gradually cleaned, first polished with abrasive paper 
and then on a felt-polishing pad by using 0.3 μm alumina powder (Metrohm, Switzerland) 
in distilled water for 5 minutes and rinsing with distilled water. 
4.1.2. Polystyrene matrix 
The expanded graphite-polystyrene (EG-PS) composite electrode was prepared from low 
viscosity polystyrene pellets (PS N2000, Crystal from Shell) mixed with conductive 
expanded graphite (EG) filler powder (Conductograph, SGL Carbon). EG was added to a 
toluene (Fluka) solution of PS N2000 with constant stirring. Ultrasound was used for about 
2h to mix well the components. The obtained viscous mixture was cast into a film using a 
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Teflon mold and the toluene was left to evaporate at room temperature for 48 h, and then in 
a vacuum oven at 50 º C for 24 h. The final thickness of the obtained film was about 1 mm 
[33]. Plates with a surface area of 9 mm2 were cut from the composition and put on a glass 
supports and electrical contacts were made using a silver paint. The electrodes were isolated 
on the sides by epoxy resin.  
4.2. Structural and electrical characterization 
The carbon-based composite electrodes were characterized morphologically by scanning 
electron microscopy and a homogeneous distribution of carbon filler within the insulating 
matrix was found [30-32]. The electrical resistance of each electrode was measured by a four-
point resistance method [34] and the results are gathered in Table 1.  
 
Electrode Electrical resistance (Ωcm-1) 
EG-Epoxy 5.3 
CNF-EG-Epoxy 11.6 
EG-PS 3.2 
Table 1. Electrical resistance of the carbon composite electrodes 
4.3. Electrochemical characterization of the carbon electrodes  
The carbon composite electrodes have been studied in comparison with commercial glassy 
carbon (GC) and boron-doped diamond (BDD) electrodes provided by Metrohm, 
Switzerland, and respective, Windsor Scientific Ltd., UK. The electrochemical 
characterization of the electrodes was carried out by cyclic voltammetry (CV). All 
measurements were carried out using an Autolab potentiostat/galvanostat PGSTAT 302 (Eco 
Chemie, The Netherlands) controlled with GPES 4.9 software and a three-electrode cell, with 
a saturated calomel electrode as reference electrode, a platinum counter electrode and 
carbon based working electrode.  
4.4. Bulk electrolysis and photocatalytically-assisted electrolysis experiments  
The electrochemical degradation experiments were carried out by batch process using an 
undivided cell of 1 dm3 volume, for different organics concentrations in 0.1 M Na2SO4 
supporting electrolyte. The BDD/Nb electrodes (100 mm x 50 mm x 1 mm) with 280 cm3 
geometric area provided by CONDIAS, Germany were used as anodes, and stainless steel 
plates (100 mm x 50 mm x 1 mm) were employed as cathodes under vertical arrangement. A 
regulated DC power supply (HY3003, MASTECH) was used under galvanostatic regime at 5 
and 10 mA cm-2 current densities.  
The photocatalytically-assisted electrolysis experiments were performed under the similar 
working conditions as the electrolysis experiments in the presence of 1g dm-3 TiO2-
supported zeolite catalyst [35,36]. The suspension was illuminated with a 6 W UV lamp 
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emitting 254-365 nm wavelengths. The intensity of UV lamp was about 2100 Wcm-2, the 
illumination surface area of 32.15 cm2, and the distance between UV lamp and cell surface 
was 5 cm. 
After each 30 minutes, samples were drawn from the cell and organics degradation was 
monitored by UV-vis spectroscopy. Also, total organic carbon (TOC) parameter was used to 
check organics mineralization. UV-vis spectrometric measurements were performed on a 
Varian 100 Carry using 1 cm quartz cell, and TOC content of the samples was analyzed at a  
Shimadzu TOC analyzer. Measurements of pH were done by an Inolab WTW pH meter.  
4.4.1. Analytical procedures 
The degradation process efficiency (, %) and electrochemical degradation efficiency (E, 
mg/C· cm2) for organics degradation was determined based on equations (1) and (2) [37,38]: 
    , ,
,
% 100
org i org f
org i
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where Corg,i-Corg,f is the change in the organic concentration determined by spectrophotometry 
during experiments for a charge consumption of C corresponding to various electrolysis 
time, V is the sample volume (700 cm3) and S is the area of the electrode surface (cm2). 
The electrochemical efficiency for organics mineralization was determined based on 
equation (2) modified as (3) taking into consideration the change in TOC measurements 
during experiments, determining (TOC0 – TOC) 
 
 0 2(mg /  C cm ) TOC TOC TOCE VC S
    (3) 
The mineralization current efficiency (MCE) for each electrolyzed solution was calculated 
based on equation (4) [39]: 
  exp
7
( )
100 %
4.32 10
snFV TOC
MCE
mIt
   (4) 
where n is the number of electrons consumed in the mineralization process of 4-AP, F is the 
Faraday constant (=96 487 C mol-1 ), Vs is the solution volume (dm3), ∆(TOC)exp is the 
experimental TOC decay (mg dm-3), 4.32 x 107 is a conversion factor for units 
homogenization (=3 600 s h-1 x 12 000 mg of carbon mol-1), m is the number of carbon atoms 
in organic, I is the applied current (A), and t is time (h). The number of electrons consumed 
is determined based on the overall mineralization reaction of organics to CO2  
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The specific energy consumption, Wsp, was calculated with the relation (5): 
  3sp spW C x U    kWh dm  (5) 
where Csp represents the specific charge consumption of C corresponding to 1 dm3 and U is 
the cell voltage (V). 
5. Results of organics degradation by electrochemical and 
photocatalytically-assisted electrochemical oxidation 
5.1. Electrochemical behaviours of the carbon based electrodes in the presence of 
organics 
5.1.1. Cyclic voltammetry studies 
The electrochemical behaviours of the carbon based electrodes in 0.1 M Na2SO4 supporting 
electrolyte were studied by cyclic voltammetry (CV) to explore the organics oxidation 
process on the electrodes in order to clarify the relationship between experimental variables 
and the electrode response, and also, to determine the potential window and the oxygen 
evolution reaction potential value. As can be seen in Figure 1, the AgZEG electrode 
exhibited the oxidative/reductive peak corresponding to redox peaks of the Ag/Ag(I) couple. 
For this electrode, the background current is similar with CNF-EG-Epoxy, and higher than 
for the EG-Epoxy electrode, also a common aspect for the electrocatalytic electrode type. In 
the presence of organic pollutant, 4-chlorophenol, chosen as an example of monosubstituted 
phenol derivates, an anodic oxidation peak appeared at the potential values presented in 
Table 2, which are prior to the oxygen evolution potential. No evidenced oxidation peak 
occurred at GC electrode even if a slight current increase was found in the presence of 4-
chlorophenol, which informed that there is no limiting current characteristics to the transport 
control. Except BDD electrode that can be classified as high O2 overvoltage electrode (EO2 
about 1.5 V vs. Ag/AgCl), the others shloud be regarded as low O2 overvoltage electrodes (EO2 
about 1 V vs. Ag/AgCl) characterized by a high electrochemical activity towards oxygen 
evolution and low chemical reactivity towards oxidation of organics. Effective oxidation of 
pollutants at these electrodes may occur at low current densities due to at high current 
densities, significant decrease of the current efficiency is expected due to the oxygen evolution. 
In contrast, at high O2 overvoltage anodes, higher current densities may be applied with 
minimal contribution from the oxygen evolution side reaction.  
Except 2, 4-dinitrophenol, which exhibited the oxidation potential of about 1.2 V vs. 
Ag/AgCl, similar results regarding the oxidation peak appearance at the potential value 
before oxygen evolution were found for other phenolic derivates, i.e., 4-aminophenol, 4-
nitrophenol, 2,4-dinitrophenol and pentachlorophenol (the results are not shown here). 
However, for mono- and di-nitro substituted phenol derivates, the cathodic current 
increased at the potential value of about -0.4 V Ag/AgCl, which was ascribed to the 
reduction of –NO2 [40,41]. In addition, in the cathodic potential range a polymer of 
aminophenol formed cathodically could occur. The polymer resulted from 2,4-dinitrophenol 
 
Water Treatment 294 
is less stable than the polymer resulting from mono-substituted nitrophenol, and can be 
further oxidized and mineralized [42]. 
 
Figure 1. Cyclic voltammograms recorded with a potential scan rate 0.05 Vs-1 between 1.25 and -0.5V 
vs. SCE in a 0.1M Na2SO4 supporting electrolyte (curve 1) and in the presence of 25 mg·L-1 4-CP (curve 
2) at a) EG-Epoxy, b) EG-CNF-Epoxy, c) AgZEG. d) EG-PS; e) GC; f) BDD electrode. 
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Electrode 
material 
Scan 
number 
∆j (mA·cm-2) 
Anodic peak current 
densities reduction 
degree (%) 
E (V) 
EG-Epoxy 
 
 
CNF-EG-Epoxy 
 
 
AgZEG 
 
 
EG-PS 
 
 
BDD 
 
1 
2 
3 
1 
2 
3 
1 
2 
 
1 
2 
3 
1 
2 
3 
0.12323 
0.07492 
0.05743 
0.01184 
0 
0 
0.07147 
0.04467 
0.03495 
0.24299 
0.15065 
0.12344 
2.720·10-3 
0.955·10-3 
0.893·10-3 
- 
39.2 
53.4 
- 
100 
100 
- 
37.5 
51.1 
- 
38.00 
49.20 
- 
64.88 
67.17 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.8 
0.6 
0.6 
0.6 
Table 2. Voltammetric parameters for 25 mgL-1 4-CP oxidation on carbon based electrodes.  
It can be noticed that starting with second CV the peak current decreased by quite 100 % for 
CNF-EG-Epoxy composite electrode, which is due to the electrode fouling. For other 
electrodes the peak current decreases by the similar order starting with the second CV.  The 
effect of the scan rate on the anodic peak current of the first CV has been investigated for 
each carbon-based electrode in 0.1 M Na2SO4 supporting electrolyte and in the presence of  
25 mg/L 4-CP (the results are not shown here). The linear proportionality of the anodic peak 
current with the square root of the scan rate obtained for all tested electrodes indicated 
process control by mass transport. No intercept of 0 suggested that the adsorption steps and 
specific surface reaction cannot be neglected. The most strong adsorption effects were 
noticed for EG-CNF-Epoxy electrode, these results being in concordance with those 
obtaining by three consecutive scanning using CV. Even the oxidation potential value is 
almost constant the 4-CP oxidation is not reversible because no corresponding reduction 
cathodic peak appeared by backward scanning. In general, the electrode fouling owes the 
complex mechanism of phenols oxidation on carbon based electrode, which involves both 
the adsorption of reactant/intermediate or final oxidation products and the formation of 
passive, nonconductive layer of oligomer products of oxidation process on its surface [43-
46]. Silver ions introduction within the electrode composition in order to act as catalyst is 
not justified based on CV results regarding the electrode activity towards 4-CP at various 
concentration. AgZEG electrode exhibited a slight lower electrochemical activity in 
comparison with EG-Epoxy electrode (see Figure 2). 
For all tested phenolic derivates the similar behaviours of the carbon-based electrodes 
regarding the presence of the limiting current density (ilim) corresonding to the phenolic 
derivates oxidation peak were found by cyclic voltammetry. CV results must be considered 
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as reference for electrooxidation applying under galvanostatic regime (constant current). 
Thus, depending on the applied current density (iappl), two different operating regimes have 
been identified [43,47] i.e., iappl<ilim the electrolysis is under current control with the current 
efficiency of 100% and iappl > ilim the electrolysis is under mass-transport control and the 
secondary reactions of oxygen evolution are involved with a decreasing of current 
efficiency. However, the choice of iappl must consider the process or electrochemical 
efficiency, which is limited by the electrode fouling and also, the electrical charge 
consumption. 
 
Figure 2. Cyclic voltammograms of a) EG-Epoxy and b) AgZEG in the presence of different 4-CP 
concentrations: 1-0 mM; 2-12.5 mgL-1; 3-25 mgL-1; 4-37.5  mgL-1; 5-50 mgL-1; 6-62.5 mgL-1 in a) 0.1 M 
Na2SO4 supporting electrolyte; potential scan rate  0.05 Vs-1. Inset: the calibration plots of the current 
densities vs. 4-CP concentration. 
5.1.2. Effect of UV irradiation on voltammetric behaviour of BDD electrode [35] 
Figure 3 shows the cyclic voltammograms of BDD electrode in the absence and in the 
presence of 4-aminophenol without and under UV irradiation. In the absence of 4-AP no 
difference between the cyclic voltammograms was noticed, thus UV irradiation does not 
influence the BDD electrode behaviour. In the presence of 4-AP without UV irradiation, the 
potential where the direct electrochemical oxidation of 4-AP is established. Under UV 
irradiation, the photoresponse of anodic current is higher and more two oxidation peaks at 
about +0.5 V and +0.9 V vs. Ag/AgCl appear. This aspect could be attributed to changing the 
mechanism of the electrochemical oxidation of 4-AP, involving the further oxidation 
occurring, which was similar with the above-mentioned results found at the high potential 
scan rate.  Also, the higher current under UV irradiation could be attributed to increase in 
the degradation rate of 4-AP. 
Based on the above-presented results and taking into account the open circuit potential 
behavior evolution of BDD electrode under UV irradiation and the presence of TiO2-
supported catalyst [35], it may be postulated that the 4-AP oxidation exhibited a complex 
mechanism. 4-AP could be oxidised directly on the anode and indirectly by hydrogen 
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peroxide and hydroxyl radicals. When Z-TiO2 particles are illuminated at a wavelength 
shorter than 400 nm, the generation of electron-hole pairs takes place. The photoelectrons act 
as reducing agents and peroxide radical ( 2O
 ) is generated, which may become a source of 
other oxidising species, such as hydrogen peroxide and hydroxyl radicals. The 
photogenerated holes have a high positive oxidation potential to oxidise organic 
compounds and water to form hydroxyl radicals (HO), which are the main oxidising 
species in the photocatalysis. In an electric field, the major electrochemical reactions occur as 
follows: anode-direct oxidation, under water stability potential region, equation (6), under 
water decomposition potential region equation (7), cathode-under water decomposition 
potential region, equation (8). 
 4 AP  Productsn e      (6) 
   H 2OH 2 2OH 2 2 e  (7) 
 –2 2 2 2O  2 H O  4 2 H Oe    (8) 
 
 
 
Figure 3. Cyclic voltammograms recorded at BDD electrode in: (a) 1M Na2SO4  supporting electrolyte 
under dark (1) and UV irradiation (2); and (b) in the presence of 50 mgL-1 4-AP under dark (1’) and UV 
irradiation (2’) at the potential scan rate of 0.1 Vs-1. 
5.1.3. Chronoamperometric and multiple-pulsed amperometry results 
To establish the best operating conditions, chronoamperometry measurements were 
performed to determine the electrode performance for electrochemical and 
photocatalytically-assisted electrochemical degradation of organics. The 
chronoamperograms recorded for each electrode in the presence of 25 mgL-1 4-CP during 2 h 
of electrolysis are presented in Figure 4. 
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Figure 4. Chronoamperograms recorded at +1.1 V vs. Ag/AgCl for: 1-EG-Epoxy, 2-CNF-EG-Epoxy, 3-
EG-PS, 4-BDD in the presence of 25 mgL-1 4-CP, with the background substracted.  
Chronoamperometric results have been used to determine the serie of electroactivities for 4-
CP oxidation at the tested electrodes. For a more electroactive material having a diffusion 
coefficient D, the current corresponding to electrochemical reaction is described by the 
Cottrell equation [48]:   
   * 1/2( )DI t nFAC t        (9) 
where D and C* represent the diffusion coefficient (cm2·s-1), and the concentration of the 
solution (mol·cm-3), respectively. The dependency between I and t-1/2 is linear, and the 
diffusion coefficient can be determined from the slope. Accoding to Cottrell equation, the 
slope is given by the following term: * 1/2( / )nFAC D  , and the apparent diffusion constant 
can be calculated (see Table 3):  
 
Electrode 
Apparent diffusion constant, 
D’ (s-1) 
EG-Epoxy 
CNF-EG-Epoxy 
PS-EG 
BDD 
GC 
21.20·10-6 
58.97·10-6 
4.269·10-9 
1.378·10-6 
194.61 10-6 
Table 3. Apparent diffusion constant of 4-CP 
From the above presented results, the electroactivity serie for 4-CP oxidation at the tested 
electrodes was established: SEG-PS>SBDD>SEG-Epoxy>SCNF-EG-Epoxy>SGC. Also, this aspect was proved 
by process efficiency and electrochemical efficiency determination based on the 4-CP 
concentration monitoring using UV-VIS spectrophotometry measurements (see Table 4). 
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Electrode 
Process efficiency 
(ηCF) 
(%) 
Electrochemical 
efficiency (ECF) 
(g·C-1·cm-2) 
EG-Epoxy  
CNF-EG-Epoxy 
EG-PS 
GC  
BDD 
17.26 
20.14 
23.09 
4.47 
9.14 
4.74·10-4 
2.73·10-4 
3.20·10-2 
0.12·10-4 
6.73 
Table 4. Process efficiency (ηCF) and electrochemical efficiency (ECF) for 4-CP degradation by 
chronoamperometry  
In general, the dependence of the electrochemical reaction rates on the concentration of 
organic pollutants has been described by a pseudo first-order equation based on the relation 
ln (C0/Ct)=kapp(t). Also, the apparent rate constant was calculated based on the relation of 
ln(C0/Ct)=k’app(C), in which C represents the electrical charge passed during electrochemical 
oxidation of 4-CP. The kinetic results were obtained by monitoring changes in 4-CP 
concentration as a function of the reaction time. Based on the results gathered in Table 4 can 
be concluded that 4-CP oxidation process occurred with a fast kinetics on carbon composite 
electrode. However, in terms of charge consumption, the BDD electrode exhibited the best 
apparent rate constant, an expected result takes into account that no oxygen evolution 
occurred at the potential value applied on this electrode and lower electrical charge was 
involved. 
 
Electrode 
Rate constant, k 
K’app, C-1 Kapp, s-1 
EG-Epoxy 
CNF-EG-Epoxy 
PS-EG 
GC 
BDD 
2.041 
1.2056 
1139.47 
0.0538 
1415.3 
2.638·10-5 
3.125·10-5 
3.646·10-5 
6.39·10-6 
1.33·10-5 
Table 5. Electrochemical reaction rate constant of 4-CP at the carbon-based electrodes  
Even if the carbon composite electrode exhibited better performances expressed in terms of 
the process efficiency, BDD electrode exhibited superiority and a real potential for 
electrochemical degradation based on its electrochemical efficiency in relation with lower 
energy consumption. An example of optimization of operating conditions using 
chronoamperometry (CA) for the electrochemical oxidation of 4-aminophenol (4-AP) using 
boron-doped diamond (BDD) electrode is presented in Figure 5. Various oxidizing potential 
levels, i.e., 0.5, 0.9, 1.25 and 1.75 V vs. Ag/AgCl were applied for optimization. It can be 
noticed that higher oxidation potential value better degradation process efficiency but with 
higher energy consumption that decrease the electrochemical efficiency and limits for the 
practical applications.  
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Figure 5. 4-AP removal efficiency (a) and electrochemical efficiency (b) by electrooxidation process 
using BDD electrode in 1 M Na2SO4  and in the 64 mg·L-1 4-AP; the applied techniques are: curve 1 – 
E=0.5 V vs Ag/AgCl, curve 2 – E=0.9 V vs Ag/AgCl, curve 3 – E=1.25 V vs Ag/AgCl, curve 4 – E=1.75 V 
vs Ag/AgCl. 
Multiple-pulsed amperometry (MPA) is a technique appropriate for in-situ electrochemical 
cleaning of an electrode during the oxidation process. The effect of MPA applying is 
presented here in comparison with optimized CA technique for the electrochemical 
oxidation of 4-AP using boron-doped diamond (BDD) electrode. The operating conditions 
for MPA, a cleaning potential of +1.75 V and an oxidation potential value of +1.25 V vs. 
Ag/AgCl were selected, taking into account that the oxidation potential is similar to that of 
CA and that the cleaning potential should be higher but very close the oxygen evolution 
potential.  
 
Figure 6. 4-AP removal efficiency (a) and electrochemical efficiency (b) by electrooxidation process 
using BDD electrode in 1 M Na2SO4  and in the 64 mg·L-1 4-AP; the applied techniques are: curve 1 – CA, 
curve 2 – MPA. 
Even if MPA application as an electrochemical process provided better results in terms of 
the 4-AP degradation process efficiency (, %) (Figure 6a), better electrochemical activity in 
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terms of the electrochemical degradation efficiency was reached in CA application (Figure 
6b). This is a reasonable result because during pulse application of +1.75 V a proportion of 
the current was consumed for oxygen evolution as a side reaction. Applying MPA operating 
conditions by selecting potential values of +1.25 and +1.75V, respective vs. Ag/AgCl enables 
the electrochemical oxidation of 4-AP to take place, through both direct oxidation on the 
electrode surface and indirect oxidation by electrogeneration of the oxidants under the 
water decomposition potential. 
5.2. Bulk electrolysis for the electrochemical degradation of 4-aminophenol 
using boron-doped diamond electrode 
As example of bulk electrochemical degradation is given for 4-AP performed at two current 
densities, 5 and 10  mA cm-2, which were selected in according with the literature data [42] 
to generate hydroxyl radicals with low energy consumption, and the results are presented in 
Figures 7 and 8. 
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Figure 7. Evolution of removal efficiency of 4-AP determined by spectrophotomertry (solid) and TOC 
(open) by electrooxidation at the current density of 10 mA cm-2 () and 5 mA cm-2 (). 
It can be observed that both process efficiencies determined by spectrophotometry and total 
organic carbon (TOC) parameter increase with electrolysis time and respective, with specific 
electrical charge passed in the electrochemical oxidation (Figure 7). TOC parameter was 
checked to assess the mineralization degree. Based on the literature data concerning the 
phenol based organics electrooxidation under water decomposition potential range, 4-AP 
electrooxidation occurred in two stages, e.g., the first stage of 4-AP transformation into 
carboxylic acids and the second stage of the further oxidation of carboxylic acid to carbon 
dioxide [42]. The difference between 4-AP concentration and TOC evolution with the 
electrolysis time for both applied current densities proved the existence of the two oxidation 
stages. Better results were obtained by application of higher current density (10 mA cm-2) for 
the same electrolysis time but it has to take in consideration that for higher current density 
higher specific electrical charge passed in the electrochemical oxidation, the aspect that 
limited the application from the economic consideration. The results of the electrochemical 
performance presented in Figure 8 show that the electrolysis cell operating at the current 
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density of 5 mA cm-2 lead to the better results for 4-AP degradation and mineralization due 
to more part of electrical charge is consumed for the abundant oxygen evolution at higher 
current density applying. Also, an electrolysis time of 60 minutes should be considered as 
optimum.  
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Figure 8. Evolution of removal electrochemical efficiency of 4-AP determined by spectrophotometry 
(solid) and TOC (open) by electrooxidation at the current density of 10 mAcm-2 () and 5 mA cm-2 ().   
During electrolysis, the cell voltage remains constant that informs that no electrode fouling 
occurred. Also, the pH of the residual solution first decreased slightly and later increased to 
reach a value close to 8. These changes can be attributed to both anodic and cathodic 
processes which occur in the cell. On the cathode the main reaction is the electrochemical 
generation of hydroxyl species by hydrogen peroxide reduction at the cathode surface [49], 
which led to the alkaline pH. At the same time, on the anode several reactions coexist, i.e., 
organic oxidation and oxygen evolution. The oxygen evolution led a pH decrease. The 
organic oxidation with the carboxylic acids formation in the first stage and subsequently its 
oxidation to carbon dioxide are supported by pH evolution, thus, the presence of the 
carboxylic acids lead to a pH decrease and by its conversion the pH is increased [36].  
In addition, the relationship between mineralization current efficiency, specific energy 
consumption and electrolysis time for each current density is shown in Figure 9. For the 
same electrolysis time, at higher current density the charge consumed and implicit, specific 
energy consumption increased.  
The initial pH is one of the most important operating parameter in the electrooxidation 
process. The performance of 4-AP degradation and mineralization process by 
electrooxidation was slightly improved under more alkaline versus acidic conditions. The 
influence of the pH mainly acts on the level of the oxidation mechanism under water 
decomposition region via the action of hydroxyl radicals physisorbed on BDD surface  [50]. 
Alkaline media may favor the generation of hydroxyl radical and the electrooxidation 
performance is improved. Also, the electroactive species in alkaline medium is more easily 
oxidized than that of acidic medium (protonated form) [49].  
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Figure 9. Evolution of the mineralization current efficiency (solid) and the specific energy consumption 
(open) with the electrolysis time in the electrochemical oxidation of 4-AP in 0.1 M Na2SO4 supporting 
electrolyte at the current densities of 10 mA cm-2 (curve 1) and 5 mA cm-2 ( curve 2). 
5.2.1. Photocatalytically-assisted electrochemical oxidation of 4-AP using BDD electrode 
and TiO2-supported zeolite catalyst 
Based on the above-presented results, a high current density applying is limited by 
economic criterion. In according with the literature data [51-56] the presence of a catalyst in 
the electrical field can enhance the treatment efficiency with lower energy consumption. In 
order to improve the treatment performance of the 4-AP degradation and mineralization at 
lower current density (5 mAcm-2), the application of photocatalysis using TiO2-supported 
zeolite catalyst on the bulk electrolysis using BDD electrode was performed.  
UV spectra of 4-AP evolution presented in Figure 10 were recorded comparatively with 
initial 4-AP after the application of each oxidation process, i.e., electrooxidation, 
photocatalytycally -assisted electrooxidation at the same current density in comparison with 
photocatalysis using 1g dm-3 TiO2-supported zeolite catalyst. The photocatalytically-assisted 
electrooxidation seems to be the most efficient in comparison with the photocatalysis and 
electrooxidation processes. 
The progression of 4-AP degradation by above-presented processes indicated different 
oxidation efficiencies, and the profiles are presented in Figure 11a. The degradation 
assessment at 60 minutes showed that the lowest 4-AP degradation efficiency was reached 
by photocatalysis. Thus, after the reaction time of 120 minutes, about 23, 56 and 88 % of 4-
AP  was degraded in the photocatalysis, electrochemical oxidation and respective, 
photocatalytically-assisted electrooxidation. Thus, it can be seen that the net efficiency of 
combined process was greater than the sum of both electrooxidation and photocatalysis 
processes. This can be regarded as a synergetic effect of the photocatalytically-assisted 
electrooxidation process. 
To assess the 4-AP mineralization by all above-presented processes, the progression of 4-AP 
degradation expressed in terms of TOC is shown in Figure 11b. After the reaction time of 
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120 minutes, about 16, 36 and 72 % of TOC was removed by the application of 
photocatalysis, electrochemical oxidation and respective, photocatalysis-assisted 
electrooxidation. The lower values of TOC removal degrees compared with 4-AP removal 
ones supported the fact that for all applied oxidation processes the complete mineralization 
of 4-AP to CO2 was occurred via intermediaries as carboxylic acids. 
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Figure 10. UV spectra profiles of 4-AP after degradation by photocatalysis (2), electrooxidation (3), 
photocatalytically-assisted electrooxidation (4), in comparison with initial 4-AP (1).  
In general, the dependence of electrochemical reaction rates on the concentration of organic 
pollutants has been described by a pseudo first-order equation. Also, the photocatalysis 
reaction rate follows the Langmuir-Hinshelwood kinetic model, which can be simplified to a 
pseudo first-order equation [39]. For all applied oxidation processes the pseudo first-order 
equation was chosen to determine the apparent rate constant (kapp), which was calculated 
based on the relation of ln(C0/Ct)=kapp(t). The kinetic results were obtained by monitoring of 
changes in 4-AP concentration determined by spectrophotometry and TOC parameter as a 
function of the reaction time. Table 6 shows the apparent rate constant for each applied 
oxidation process. 
The apparent rate constant determined by spectrophotometry analysis of photocatalytically-
assisted electrooxidation was higher by 8.1 and 2.5 times than photocatalysis and 
electrooxidation, respectively. Also, the apparent rate constants determined by TOC analysis 
are higher by 9.6 and 2.6 times versus photocatalysis and electrooxidation, respectively. The 
kinetics of TOC reduction in all applied processes showed that TOC reduction was slower in 
the photocatalytic process, suggesting that photocatalysis process was inefficient in the 
mineralization and quite degradation of 4-AP. 
According to the definition of the synergetic effect (SF)= kapp, photocatalytically-assisted electrooxidation -
(kapp,photocatalysis+kapp,electrooxidation) [57], the SF was calculated from the kinetic constants determined 
by spectrophotometry and TOC analysis. Thus, (SF)spectrophotometry of 0.0068 min-1 and (SF)TOC of 
0.00627 min-1 indicated the apparent kinetic synergetic effects in the photocatalytically-assisted 
electrooxidation process for both degradation and mineralization of 4-AP. 
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Figure 11. Evolution of 4-AP degradation with the reaction time, expressed as: a) 4-APt/a-AP0 and b) 
TOCt/TOC0; ()photocatalysis; ()electrooxidation; ()photocatalytically-assisted electrooxidation. 
 
Type of 4-AP 
determination 
Applied oxidation process Apparent rate 
constant, kapp  
(x 10-3 min-1) 
Correlation 
factor, R2 
spectrophotometric photocatalysis 
electrooxidation 
photocatalytically-assisted 
electrooxidation 
1.68 
5.6 
13.6 
0.9118 
0.9968 
0.9961 
TOC photocatalysis 
electrooxidation 
photocatalytically-assisted 
electrooxidation 
1.26 
4.57 
12.1 
0.9353 
0.9821 
0.9886 
Table 6. The pseudo-first order kinetic apparent constant for the degradation of 4-AP determined by 
spectrophotometry and TOC analysis 
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For the electrochemical and combined processes, the apparent rate constant determined by 
spectrophotometry and TOC analysis was calculated based on the relation of 
ln(C0/Ct)=k’app(C), in which C represents the electrical charge passed during electrochemical 
and combined oxidation of 4-AP. The results are gathered in Table 7, and it can be noticed 
that the apparent rate constants determined for 4-AP concentration and TOC measurements 
for photocatalysis-assisted electrooxidation process are the best. Also, the effective 
mineralization rate was assessed as the ratio between the apparent rate constant calculated 
for TOC analysis and the apparent rate constant calculated for spectrophotometry  analysis 
(k’app,TOC/k’app,4-AP). The value of this ratio closer to 1 indicated that the effective 
mineralization rate was achieved. The value of 0.88 compared with 0.82 for electrooxidation 
confirmed the enhancement effect of photocatalysis application on the electrooxidation 
process of 4-AP using BDD electrode to reach the mineralization.  
 
Type of 4-AP 
determination 
Applied oxidation process Apparent rate 
constant, k’app (C-1) 
Correlation 
factor, R2 
spectrophotometric electrooxidation 
photocatalytically-assisted 
electrooxidation 
0.240 
0.586 
0.9968 
0.9961 
TOC electrooxidation 
photocatalytically-assisted 
electrooxidation 
0.196 
0.518 
0.9633 
0.9886 
Table 7. The apparent rate constant for the degradation of 4-AP determined by spectrophotometry and 
TOC analysis function of electrical charge 
The enhancement effect of the combination of photocatalysis and electrooxidation processes 
operating at high voltage or current density may be attributed to two major factors, i.e., 
reducing the recombination of hole-electron pair resulted from photocatalysis, and indirect 
electrochemical oxidation of 4-AP. In according with literature data [57] it is supposed that 
the degradation mechanism is very complex, involving many oxidation pathways, e.g., 
anodic oxidation involving oxygen evolution, oxidation by electrogenerated H2O2 and 
OH, oxidation by photogenerated hole and OH and the photoelectrocatalytic synergetic 
effect. 
It is well-known that the operating cost of an electrochemical oxidation depends strongly on 
the cell voltage as the specific energy consumption (Wsp). By the application of 
photocatalysis-assisted electrooxidation process for 4-AP degradation a higher 
mineralization current efficiency at low specific energy consumption was reached (Figure 
12). It was found that for the same energy consumption of 12 kWhm-3, photocatalysis-
assisted electrooxidation process allowed removing 72% TOC in comparison with the 
electrochemical process for which 32% TOC removal was achieved. Thus, both technical and 
economic aspects regarding degradation process of 4-AP from water suggested the 
superiority of photocatalytically-assisted electrooxidation process in comparison with the 
electrochemical process [36].  
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Figure 12. Evolution of the mineralization current efficiency (solid) and the specific energy 
consumption (open) with the electrolysis time in the electrochemical oxidation of 4-AP in 0.1 M Na2SO4 
electrolyte for the application of: 1-electrooxidation; 2- photocatalytically-assisted electrooxidation. 
It is clear that the (photo)electrochemical processes are energy consumption, being more 
expensive in comparison with the conventional biological process, but it must be taken into 
consideration that the (photo)electrochemical processes are considered advanced treatment 
one and should be integrated within the conventional treatment technological flow. When 
the electrochemical oxidation is the stage prior to biological one, biodegradability of the 
organic pollutants is enhanced, improving the performance of the biological process. In 
contrast, application of electrochemical oxidation as a finishing step envisaging completely 
mineralizing the refractory organic matter after biological treatment. A reduction of 25% of 
the energy consumption was reported by Panizza after coupling the electrooxidation and 
the biological processes [58]. 
5.3. Dual role of the electrochemical methods for organics degradation and 
determination 
It is noteworthy that electrode materials for water quality monitoring by 
voltammetric/amperometric detection are conceptually very similar to those used in the 
degradation of pollutants from water, so the development of suitable electrode materials 
and electrochemical techniques involves actually relatively easy adaptation from a field to 
another, taking into account the application peculiarities, e.g., electrode geometry and 
design for degradation application. As example, the assessment of 4-CP concentration after 
chronoamperometry applying using EG-Epoxy composite electrode at the potential value of 
+1.1 V vs. Ag/AgCl after two hours of electrolysis was performed by using the cyclic 
voltammetric detection with the same electrode in comparison with spectrophotometric and 
classical chemical oxygen demand (COD) method. Figure 13 shows CVs recorded for initial 
4-CP concentration and after chronoamperometry applying. The reduction degrees of 4-CP 
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concentration by applying the chronoamperometry, determined by cyclic voltammetric 
detection, spectrophotometric and classical COD method are shown in Table 8. 
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Figure 13. Cyclic voltammograms of EG-Epoxy in 0.5 M Na2SO4 supporting electrolyte (1) and in the 
presence of 25 mgL-1 4-CP concentrations: before (2) and after (3) chronoamperometry applying at +1.1 
V vs. Ag/AgCl for 2 h. 
 
4-CP reduction degree  
 (%) 
COD reduction degree 
(%) 
Amperometric signal reduction 
degree  (%) 
17.26 15 18 
Table 8. The reduction degree of 4-CP concentration by applying the chronoamperometry at the 
potential value of +1.1 V vs. Ag/AgCl for two hours 
Compared with the initial concentration of 4-CP, cyclic voltammogram shape recorded after 
chronoamperometry applying is changed, the current at the higher potential value but 
below oxygen evolution increased. This aspect could be explained by the intermediate 
formation of 4-CP oxidation which is oxidizable at higher potential value, e.g., carboxilic 
acid that is oxidized on composite electrode at the potential value of 1.1 V vs. SCE [59]. This 
behaviour is in concordance with spectrophotometric and COD results, denoting a good 
accuracy of the voltammteric method and suitability for degradation process control. 
6. Conclusions 
Electrochemical processes should be regarded as viable alternatives for enhanced 
conventional wastewater treatment technology. Based on the wastewater characteristics and 
further usage, the various electrochemical processes could be applied individually or/and 
integrated into a variety of technological flows involving physical, chemical and biological 
methods. The electrocoagulation process could replace the conventional coagulation method 
integrated into a technological flow containing or not the electrooxidation process as 
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advanced water treatment method. Also, the electrooxidation process could be applied as 
advanced oxidation process suitable especial for degradation/mineralization of the 
recalcitrant organic pollutants from wastewaters. The efficiency of electrochemical oxidation 
system is given mainly by the electrode material, which represents the key of the process 
performance. Carbon-based electrodes represent very promising electrode materials for 
degradation and mineralization of phenol derivates from wastewaters. Pulsed voltage 
application allows in-situ electrochemical cleaning the electrode materials leading to 
enhanced electrode performance, but its common usage is limited by higher energy 
consumption.  Very promising results in relation with technical-economic criteria were 
achieved using photocatallytically-assissted electrooxidation process for degradation and 
mineralization of organics from wastewaters in comparison with simple electrooxidation 
process. Moreover, it must be kept in mind that the economic aspects will be improved by 
integration of the (photo)electrochemical process within the conventional treatment 
technological flow before or after the biological stage in accordance with the practical 
requirements, to improve the biodegradability of the recalcitrant organics or to mineralize 
them. Another important aspect that is not exploited is represented by dual role of the 
electrode material and electrochemical method in wastewater treatment and quality control, 
which could allow to set-up the electrochemical process control-integrated wastewater 
electrochemical treatment flow. A major area for future research is to establish the 
methodologies for the integration of the electrochemical treatment process involving more 
cost-effective electrodes in wastewaters decontamination and quality control.  
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